[1] Actinometric measurements of photolysis rate coefficients within artificial snow have been used to test calculations of these coefficients by two radiative transfer models. The models used were based upon the delta-Eddington method or the discrete ordinate method, as implemented in the tropospheric ultraviolet and visible snow model, and were constrained by irradiance measurements and light attenuation profiles within the artificial snow. Actinometric measurements of the photolysis rate coefficient were made by observing the unimolecular conversion of 2-nitrobenzaldehyde (NBA) to its photoproduct under ultraviolet irradiation. A control experiment using liquid solutions of NBA determined that the quantum yield for conversion was f = 0.41 ± 0.04 (±2s). Measured photolysis rate coefficients in the artificial snow are enhanced in the near-surface layer, as predicted in the model calculations. The two models yielded essentially identical results for the depth-integrated photolysis rate coefficient of NBA, and their results quantitatively agreed with the actinometric measurements within the experimental precision of the measurement (±10%, ±2s). The study shows that these models accurately determine snowpack actinic fluxes. To calculate in-snow photolysis rates for a molecule of interest, one must also have knowledge of the absorption spectrum and quantum yield for the specific photoprocess in addition to the actinic flux. Having demonstrated that the actinic flux is well determined by these models, we find that the major remaining uncertainty in prediction of snowpack photochemical rates is the measurement of these molecular photophysical properties.
Introduction
[2] The photochemical production of chemical species from the snowpack perturbs the chemistry in the planetary boundary layer [Honrath et al., 1999; Sumner and Shepson, 1999; Jones et al., 2000; Beine et al., 2002; Dibb and Arsenault, 2002] . The calculation of chemical fluxes from the snowpack requires knowledge of photolysis rate coefficients within the snowpack. A number of studies have used radiative transfer models to calculate photolysis rate coefficients within the snowpack. Simpson et al. [2002b] used a Mie scattering model with a delta-Eddington radiative transfer scheme to calculate actinic flux and nitrate (NO 3 À ) photolysis rates. Wolff et al. [2002] calculated photochemical NO x production in the Antarctic snowpack. Lee-Taylor and Madronich [2002] used a coupled atmosphere-snow model, based on the discrete ordinate method, to calculate actinic fluxes and photolysis rates in the snowpack.
[3] These radiative transfer models treat the snowpack as a continuous medium, where the optical properties of the snowpack are described on average and discrete snow grains are not explicitly considered, possibly leading to inaccurate results. Wiscombe and Warren [1980] note that the Mie scattering calculations, used in these models to determine optical properties, are valid for the whole snowpack as long as the particles are randomly arranged and are sufficiently far apart that the particles do not shadow one another and that interparticle interference effects are negligible. If particles shadow one another, then not all grains contribute equally to the total cross section, thus increasing the depth to which radiation penetrates and possibly altering photolysis rate coefficients. The snow grains are treated as spheres for the calculation of scattering parameters. Wiscombe and Warren [1980] state that the scattering phase function is sensitive to particle shape, with nonspherical particles increasing side scatter and decreasing backscatter. However, the authors argue that nonsphericity, near-field effects, and shadowing were not responsible for the disagreement between model calculations and field measurements of albedo. These effects have not been considered with respect to photolysis rates coefficients. Calculations made by Bohren and Barkstrom [1974] using the geometrical optics approximation indicated that 8.2% of the radiation scattered by ice grains was scattered after one or more internal reflections. Internal reflection increases the effective absorption cross section for any ice-bound absorber and the ice itself and therefore decreases the depth to which radiation penetrates along with perturbing the photolysis of any photolabile species. Internal reflection also leads to an evanescent wave at the surface that may enhance the photolysis rate coefficients of surface-associated species. Because of these approximations in the radiative transfer models we sought an independent test to verify their accuracy.
[4] Photolysis rate coefficients can be determined from knowledge of the absorption cross section, s(l), the quantum yield for the reaction, F(l), and the actinic flux, F(l), also called the spherically integrated radiance [Madronich, 1987] . In principle, F(l) versus depth can be determined from measurements of light in the snowpack. Direct measurement of F(l) requires the equal detection of photons from all angles and yet has not been achieved in the snowpack. Therefore studies of the penetration of actinic radiation in snow have been restricted to measurements of irradiance, E(l), and not actinic flux [Liljquest, 1956; Grenfell and Maykut, 1977; Kuhn and Siogas, 1978; Beaglehole et al., 1998; King and Simpson, 2001] . These measurements of irradiance can be used to constrain radiative transfer models for the calculation of photolysis rate coefficients.
[5] When direct radiation encounters snowpack, it scatters, converting direct radiation into diffuse radiation and enhancing the actinic flux. In this near-surface layer the actinic flux is related to the irradiance in a complex manner. However, below the near-surface layer the light becomes nearly isotropic, and the irradiance and actinic flux become directly proportional to one another. The attenuation of radiation below the near-surface layer varies exponentially with depth as described by King and Simpson [2001] ,
where k(l) is the asymptotic flux extinction coefficient and I(d) is the irradiance at depth d. The inverse of k(l) is called the asymptotic e-folding depth and is the length scale over which the incident radiation is attenuated by a factor of e.
[6] The aim of this work is to compare model calculations of photolysis rate coefficients to direct measurements of those photolysis rate coefficients by chemical actinometry. By doing this experiment we test the assumptions made in the theory of snowpack radiative transfer for the application of actinic flux prediction. Actinometric measurements of the photolysis rate coefficient are directly proportional to the actinic flux, and the calculation of actinic flux via actinometry is independent of the radiation transfer calculation. We chose to use o-nitrobenzaldehyde (NBA) as our chemical actinometer. This molecule has been used in a number of studies to determine photolysis rates [Pitts et al., 1964; Anastasio et al., 1994; Arakaki et al., 1995; Dubowski et al., 2001] . Dubowski et al. [2001] used NBA as an ice phase actinometer to quantify the production of nitrogen dioxide (NO 2 ) from the photolysis of NO 3 À in ice. Dubowski et al. assumed that the quantum yield of the photoisomerization of NBA to 2-nitrosobenzoic acid had a temperatureindependent value, in ice, of 0.5. Leighton and Lucy [1934] found a quantum yield of 0.5 in the crystalline solid phase and 0.52 and 0.46 in petroleum ether and acetone solution phases, respectively. George and Scaiano [1980] studied the reaction in the solution phase and give values of the quantum yield between 0.39 and 0.50 in a number of solvents. Arakaki et al. [1995] and Anastasio et al. [1994] used NBA as an actinometer in studies of hydrogen peroxide production in cloud droplets. The authors quote the aqueous phase quantum yield of NBA, with uncertainties of ±1 standard deviation, as 0.40 ± 0.03 at 313 nm, 0.42 ± 0.02 at 334 nm, and 0.42 ± 0.02 at 366 nm. The relative invariance of the quantum yield in various solvents and phases is evidence that this unimolecular reaction is unlikely to be affected by the freezing of ice.
Experimental Methods

Artificial Snow Production
[7] An actinometer-doped artificial snow was made by spraying an $15 mM solution of NBA (Sigma Aldrich, 99%) into a covered styrofoam container filled with liquid nitrogen. The solution was sprayed into the container using a cleaned paint-spraying gun (Wagner Spraytech Corp. model 2000) . High-performance liquid chromatography (HPLC)-grade water obtained from a Millipore, MilliQ water system was used to make up the actinometer solution. The resulting material was a finely divided ice powder resembling snow [Honrath et al., 1999] . The artificial snow was filled into a precooled photolysis chamber. The snow photolysis chamber was a 9 cm internal diameter, 15 cm long Teflon tube closed at the back end with a Teflon cover and at the front with an ultraviolet transmitting (UVT)-grade acrylic window. The snow chamber was covered with aluminum foil and was stored in the dark at À40°C to allow the artificial snow to degas overnight before the photolysis experiment.
Snow Photolysis Experiments
[8] Figure 1a shows the setup of the experimental system. The experiment was completed in a cold room at a temperature of À20°C. The artificial snow was irradiated from a distance of 20 cm with a high-pressure mercury pen-ray lamp (Ultraviolet Products (UVP) 90-001-04) for between 20 and 30 min. A black tube surrounded the lamp and chamber to prevent irradiation by reflected UV radiation. The lamp output below 270 nm was filtered by the UVTgrade acrylic window on the snow photolysis chamber. The photolysis radiation spectrum is shown in Figure 2 . At the completion of the experiment the artificial snow was sampled in 1 cm slices. The samples were stored in foil-covered Nalgene 1 containers in the dark and were allowed to thaw.
[9] The incident irradiance experienced by the snow surface during the photolysis experiments was measured with a fiber-optic flat plate irradiance sensor, 5 mm in diameter, placed at the center of the chamber front. This measurement of incident irradiance was used to constrain the radiation models for all experiments. The flat plate irradiance sensor of the type used in this experiment has been previously used to measure irradiance within and above snowpacks [King and Simpson, 2001; Simpson et al., 2002a Simpson et al., , 2002b . The sensor was coupled to a spectrometer (SPEX Triax 320) with a 1024 Â 256 pixel array by a fiberoptic cable. The photolysis lamp irradiance was calibrated using a 1000 W quartz-halogen spectral irradiance standard calibrated by the National Institute of Standards and Technology.
Photolysis Rate Determination
[10] The photolysis rate was determined by calculating the extent of conversion of the actinometer and dividing by the duration of the photolysis. The conversion of NBA was determined by fitting the UV-visible absorption spectrum of a partially converted sample to a linear combination of the spectra of pure NBA and pure 2-nitrosobenzoic acid, the NBA photolysis product.
[11] The molar absorptivity of NBA was determined by measurement of an unconverted solution of known concentration. The spectrum of the pure photoproduct was initially determined by HPLC separation followed by UV-visible spectroscopic detection. The concentration of this pure product spectrum was unknown because of the separation procedure. However, we were able to determine its concentration using the isosbestic point. The isosbestic point is the wavelength where both NBA and its photoproduct have the same molar absorptivity. This wavelength was found by measuring UV-visible spectra of a number of NBA samples that had been converted to different extents. The absorption at 277 nm was invariant with photolysis extent; thus the molar absorptivity of NBA at this wavelength is equal to that in the photoproduct. With this knowledge we could calculate the concentration of the NBA photoproduct in the HPLC separation and then calculate the molar absorptivity of the photoproduct. Because the HPLC-based product reference spectrum was recorded on a different spectrometer, it was not a perfect reference spectrum for spectral fitting. The final product reference spectrum was determined by using a difference spectrum between highly converted and unconverted NBA samples, scaled by the HPLC-derived product spectrum. The reference molar absorptivity spectra for NBA and its photoproduct are shown in Figure 3 .
[12] The extent of conversion of NBA samples from photolysis experiments was quantified by UV-visible spectra recorded on an Agilent 8453 spectrometer fitted with a 5 cm flow cell. The data were fitted using a LevenbergMarquardt nonlinear least squares fitting procedure in Igor Pro (Wavemetrics). The results of the fit are the concentrations of NBA and its photoproduct. The sum of NBA plus photoproduct concentration was conserved in each experiment, indicating that no subsequent photochemistry Figure 2 . Photolysis radiation spectrum used in the experiments. The Hg lamp output is filtered by a UVT-grade acrylic window. This irradiance spectrum was measured at the incident surface of the snow in a snow photolysis experiment. converted these compounds to other species. An example of the spectral fitting procedure is shown in Figure 4 . The fraction of photoproduct divided by initial NBA concentrations was used to determine the photolysis rate coefficients. Knowledge of the quantum yield for this process or emission parameters of the photolysis lamp is not needed for the determination of conversion extent.
Control Experiment
[13] A test of the model calculation of the NBA photolysis rate in the absence of light scattering was completed by photolyzing the actinometer in the liquid phase. The setup of the experiment is illustrated in Figure 1b . A solution of the actinometer was irradiated in a blacked-out tube at distance of 20 cm. The photolysis lamp was filtered with UVT acrylic as in the artificial snow experiment.
Characterization of Artificial Snow
[14] The calculated attenuation depth of actinometer-free artificial snow was studied with respect to wavelength and was compared to that of a natural snow sample. This sample, from the roof of the Geophysical Institute building, was used to fill the snow chamber. The sample was irradiated with the same lamp as for the photolysis experiments, and the irradiance was measured at various depths on the center axis of the snow sample using the same flat plate irradiance sensor. The e-folding depth of the artificial snow was also measured using the same method. HPLC-grade water was used to make the artificial snow, and the sample was prepared in the same manner as the photolysis samples.
Model Descriptions
[15] Two radiative transfer models were used in this study: a delta-Eddington snow radiation transfer model [Simpson et al., 2002b] and a radiation transfer model based on the discrete ordinate method of Stamnes et al. [1988] called the tropospheric ultraviolet and visible (TUV) snow model and developed by Lee-Taylor and Madronich [2002] . The TUV model [Madronich and Flocke, 1997] was further modified by the addition of a snow layer. Lee-Taylor and Madronich [2002] describe the use of this model in the calculation of photolysis rates and actinic flux within the snowpack. The main advantage of the model described by Lee-Taylor and Madronich [2002] is the inclusion of the atmosphere coupled to the snowpack. In this experiment, because of the artificial nature of the experimental setup, the atmosphere was decoupled from the model, and only the artificially illuminated snowpack was considered.
[16] The delta-Eddington radiation transfer model used in this work has previously been used to calculate snowpack photochemical processes [Simpson et al., 2002b] . The deltaEddington approximation [Wiscombe, 1977; Wiscombe and Joseph, 1977] is useful for modeling highly asymmetric scattering phase functions. Simpson et al. [2002b] describe the model in detail.
[17] The snow optical properties within both models are defined by four parameters: the asymmetry factor, g(l); the absorption coefficient, m(l); the scattering coefficient, r(l); and the density. The values of g(l) are relatively insensitive to wavelength at UV and visible wavelengths [Wiscombe and Warren, 1980] , and the wavelength region of interest for this experiment is relatively narrow, 270-370 nm. Therefore a wavelength-independent value of g = 0.89 was adopted following the work of Lee-Taylor and Madronich [2002] and Simpson et al. [2002b] . This value of g was calculated using the Mie scattering model [Wiscombe and Warren, 1980] . The absorption coefficient, m(l), has contributions from pure ice absorption, m ice (l), and absorption from any impurity present in the snow, m abs (l), such that
where r ice, r water , and r snow are the densities of ice, water, and snow, respectively. The absorption of impurities, m abs (l), was determined by UV-visible spectroscopy of melted snow versus a liquid water blank.
[18] Values for m ice used were obtained from Grenfell and Perovich [1981] and Perovich and Govoni [1991] . In this work the values of m ice (l) are defined by the absorption spectrum of the added actinometer molecule, NBA, determined by UV-visible spectrometry. The value of m(l) in this experiment is dominated by the contribution of m abs (l) arising from NBA absorption. Therefore concentrations of NBA used were kept to a minimum to minimize light attenuation in the artificial snow.
[19] The value of r(l) can be assumed to be independent of wavelength because the wavelength of the radiation is 2 orders of magnitude smaller than the grain size of typical snow particles. Therefore the models have only a non- spectral scattering parameter, r. This scattering parameter may also be described by a scattering cross section, s scatt , where r = s scatt r snow and r snow is the density of the snow. As the value of s scatt is usually unknown in a snow sample, radiation transfer models must be constrained by measurements of the spectral attenuation depth. The amount of absorption and the degree of scattering in a snow sample determine the attenuation depth. Knowledge of m(l) then allows one to calculate the value of r from the measured spectral attenuation depth. However, the attenuation depth of the artificial snow was found to be very short, as discussed in section 4.3, and experimental considerations precluded the measurement of a sufficiently accurate attenuation depth by measurements of irradiance. Therefore the model was constrained by an attenuation depth derived from the actinometer conversion versus depth in each photolysis experiment. The photolysis rate coefficients calculated with the radiation transfer model were averaged to the same depth resolution as the experimental data to allow for the comparison of the data sets. The modeled photolysis rate coefficients as a function of depth were fitted with an exponential function using the Levenburg-Marquart method, and the fit was compared to a similar fit to the experimental data. The scattering parameter in the model was varied iteratively until a match between the experimental decay with depth and the model decay with depth was made. Because only the slope of the photolysis rate coefficient with depth was used, this method is equivalent to an independent measure of the light attenuation versus depth, as is used in field experiments.
[20] For the comparison of the dye-free artificial snow and natural snow the value of s scatt was constrained in a different fashion. The e-folding depth in both samples was sufficient to measure the light attenuation versus depth, and this measurement was used to constrain the model. The value of s scatt was determined by an iterative procedure where an assumed value of s scatt was used in the model to calculate the e-folding depth spectrum. This spectrum was compared to those of the experiments, and the value of s scatt was varied in order to minimize the total sum of squares of the model measurement residual in the e-folding depth spectrum. The impurity absorption cross section in each experiment was constrained by the measurements of the UV-visible absorption spectrum and the density of each sample.
[21] The input irradiance in the model was constrained using the measured values of the photolysis lamp irradiance during the experiments. The photolysis lamp was fixed directly in front of the snow surface, and therefore the solar zenith angle in the model was set to 0°. The decoupling of the atmosphere in the TUV model was achieved by removing all atmospheric absorbers from the model and restricting the altitude levels in the model to the snowpack. Radiation scattered from the snow surface added to the total ''upwelling'' irradiance leaving the snowpack and, as there is no atmosphere included in the model, had no way of returning to the snowpack. This process was mimicked in the experiment by confining the photolysis to within a blacked-out tube, ensuring that any scattered light would not reenter the artificial snow.
[22] The TUV model was also used to determine the aqueous phase photolysis rate coefficient in the control experiment in order to compensate for absorption within the photolysed sample (2%). The model was constrained by setting the ground albedo to zero, setting the scattering to zero, and using the liquid phase absorption spectrum of the NBA sample as the absorption coefficient spectrum. The input radiation in the model was constrained by the measured incident irradiance.
Results and Discussion
Control Experiment
[23] The determination of photolysis rate coefficient of NBA within the aqueous solution depends on the value of the quantum yield selected for the photolysis process. The value of the quantum yield was varied in the model until model-calculated value of the photolysis rate coefficient, j(NBA), matched that determined by the average of the experiments. A quantum yield of 0.41 ± 0.04 (±2s) was needed in the model to match the experimental values of j(NBA). This value of 0.41 was used in the model calculations of the snow photolysis rate coefficients. As reviewed in the introduction, the range of previously determined quantum yield values for the photolysis of NBA is 0.39-0.51 and more specifically 0.40 -0.42 in the aqueous phase. The value determined is in good agreement with the aqueous phase values found by Anastasio et al. [1994] and Arakaki et al. [1995] . The previously published quantum yields were determined within a range of media from the liquid phase to the solid crystalline phase, and this gives us confidence that any change in the quantum yield during the snow analog production is relatively small. This control experiment relies on the absolute calibration of the spectrometer, and therefore the agreement of our quantum yield with the past experiment shows that our system is accurately calibrated.
Snow Photolysis Experiments
[24] The photolysis rate of NBA was measured as a function of depth within the artificial snow after irradiation with a UV photolysis lamp. Figure 5 shows both the experimentally determined and model-calculated photolysis rates for experiment A. The model calculation indicates an enhancement of the photolysis rate coefficient over the surface value in the near-surface layer of the snow. In both models the value of j(NBA) at surface is calculated to be $15 Â 10 À3 s À1 rising to $26 Â 10 À3 s
À1
. The maximum enhancement of $1.7 times the surface photolysis rate coefficient is predicted at a depth of 0.05 cm. If the surface value was assumed to simply decay exponentially with depth, predicted photolysis rates would be much smaller than observed. Therefore the actinometry verifies these modeled photolysis rate enhancements due to the scattering by snow.
[25] An informative comparison diagnosing the effect of the snow can be made between the situation of photolysis in the absence of snow and in the presence of snow. To make this comparison, the incident photolysis rate coefficient in the absence of snow was calculated and is indicated in Figure 5 with an arrow. This photolysis rate coefficient is 5.9 Â 10 À3 s À1 . Thus the enhancement in the TUV model has a maximum value of 4.5 times the snow-free photolysis rate coefficient. The total enhancement in the near-surface layer over the incident photolysis rate coefficient is slightly less, a value of 4.3 times, in the delta-Eddington calculation. Simpson et al. [2002b] found an enhancement of the actinic flux relative to the incident actinic flux with a maximum at a solar zenith angle of 0°using the delta-Eddington radiation transfer model. Madronich [1987] indicates that in clouds this enhancement is due to two factors: the high albedo and the conversion of direct to diffuse radiation, both of which are applicable to the snowpack. The albedo of nearly 1 approximately doubles the actinic flux at the surface compared to the incident actinic flux. The conversion of direct to diffuse radiation results in an increase of %2cosq 0 , where q 0 is the direct illumination angle, giving a maximum enhancement of the actinic flux of $4 times the incident actinic flux in the near-surface layer [Simpson et al., 2002b] . In Figure 5 the model lines are calculated for the presence of snowpack and do not begin at the value in the absence of snow. Because the snow surface actinic flux is already doubled by the high albedo of snow, the enhancement factor compared to the value at the snow surface should be approximately a factor of 2, in agreement with the model calculations here. Lee-Taylor and Madronich [2002] also found an enhancement of the actinic flux in the surface layer of the snowpack that is a maximum at low solar zenith angles and argued that this enhancement in the actinic flux, and therefore the molecular photolysis rate, arises as the near-surface diffuse contributions increase more than the direct contribution is attenuated. The larger enhancement of the near-surface photolysis rate coefficient in the TUV model for the same scattering cross section suggests that for the same value of the scattering cross section the TUV model scatters slightly more than the delta-Eddington model.
[26] The main interest in the calculation of photolysis rates within the snowpack is to quantify the magnitude of fluxes of gases from the snowpack to the atmosphere. The chemical flux of a compound is the product of that compound's concentration in the snow and the depth-integrated photolysis rate coefficient. Therefore we compare the total depth-integrated photolysis rate coefficient measured by actinometry to that modeled by the radiation transfer calculations. The total depth-integrated photolysis rate coefficients for each experiment are shown in Table 1 . The mean model to measurement ratio for the TUV model is 1.0 ± 0.1 (±2s). The corresponding ratio for the deltaEddington model is 1.0 ± 0.1 (±2s). These results show that the radiative transfer models in this study accurately calculate the depth-integrated photolysis rate coefficients of NBA and thus predict the actinic flux correctly.
Artificial Snow Characterization
[27] As mentioned in section 3, the artificial snow had a short e-folding depth. This short e-folding depth was caused by a high value of the scattering cross section, s scatt, indicating the presence of small scattering features. The mean of the s scatt values used to constrain the models in each NBA photolysis experiments is 45 ± 11 m 2 kg À1 ±2s. These s scatt values used in the photolysis experiments suggest that the artificial snow consisted of particles around 20 mm in diameter. Because these inferred features were smaller than are typically observed in natural snow, we performed experiments to characterize the artificial snow more fully. Figure 6 shows the measured and calculated e-folding depths with wavelength for both a natural snow sample and the artificial snow. The value of s scatt used in the natural snow model calculation was 9.4 m 2 kg À1 . This value lies within the range of values for dry natural snow suggested by Lee-Taylor and Madronich [2002] (6 -30 m 2 kg
À1
). The e-folding calculation shows good agreement with the experimental data with the deviations between the measured and modeled e-folding depth between 290 and 360 nm being within 4%. The model calculation for the artificial snow used a s scatt value of 102 m 2 kg
. This value of s scatt is much higher than the value obtained for the natural snow sample and outside of the typical range indicated by Lee-Taylor and Madronich [2002] . The value of s scatt is also outside of the range of values used in the artificial snow photolysis experiments. However, the snow manufacturing process was not easy to reproduce accurately, and the difference in s scatt may be due to variation in the snow-manufacturing process coupled to postproduction metamorphism in the artificial snow. For snow photolysis experiments the snow was annealed overnight, leading to lower values of s scatt with reasonably small variation. Natural snow also evolves in time through snow metamorphism [Legagneux et al., 2003] . The agreement of the spectral e-folding depth with experiment is not as good as that for the natural snow comparison. The model deviates from the experiment by 10% in some regions, and it is obvious that the general trend of the e-folding depth with wavelength differs somewhat from the natural snow experiment.
[28] This deviation indicates that the artificial snow is an imperfect analog of natural snow. One possible reason for the inability of the model to fit the data using a wavelengthindependent scattering parameter is that the artificial snow may have features on the size scale of the wavelength of light. These small features would lead to a wavelength dependence of the scattering parameter. Air bubble inclusions could cause such an effect; therefore we tested for bubbles by degassing a water sample before making artificial snow. This test failed to show any significant changes in the optical properties, although it is possible that the spray action induced bubble formation. Another possibility is that the rapid freezing of the droplets in liquid nitrogen led to polycrystalline ice with small domain sizes that cause excess scattering. Although this disagreement in spectral e-folding depths indicates that the models do not completely accurately describe the artificial snow's optical properties, the average disagreement over the limited wavelength range used to photolyze the NBA is small; thus we feel that our model calculations are representative in terms of the depthintegrated photolysis rate coefficient measurements.
Conclusions
[29] We have compared radiative transfer models to the direct photolysis of an actinometer molecule, NBA, within artificial snow. The enhancement of photolysis rates in the near-surface layer of the snow predicted by model calculations of Lee-Taylor and Madronich [2002] and Simpson et al. [2002b] was observed in the photolysis of the NBA in the artificial snow. Actinic fluxes, and thus photolysis rates, are enhanced by approximately fourfold over the snow-free situation. The models reproduce experimentally determined depth-integrated photolysis rate coefficients within the standard deviation of replicate experiments ($10%).
[30] Because NBA has well-documented phaseindependent photochemical properties (absorption cross section and quantum yield), this test shows that the models accurately predict the actinic flux within the snowpack. However, for prediction of molecular photolysis rate coefficients the actinic flux is only a portion of the problem. It is of vital importance to determine the absorption cross section and quantum yield for the molecule adsorbed onto or dissolved within ice. In general, these photophysical properties depend on the precise nature of the molecule's environment in the ice. Specifically, the assumption that surface-bound species have either a gas phase or liquid phase absorption spectrum and quantum yield is suspect, and actual measurements of absorption cross sections and quantum yields should be performed. These tested radiation transfer models can now help in measurements of heterogeneous photochemistry by providing accurate actinic fluxes within the snowpack. The scattering cross section and the absorption cross section of a particular snowpack are needed to calculate the radiation transfer within that snowpack and thus should be measured during field experiments and further studied. The determination of these snowpack parameters along with appropriate values for the absorption cross sections and quantum yields for photolabile snowpack impurities allows the determination of photolysis rate coefficients and therefore chemical fluxes from the snow. 
